Susceptible corn tissues exposed to the host-specific toxin of Helminthosporiuna carbonum race 1 reduced more nitrate to nitrite than did control tissues, as measured by an in vivo method. There were no differences in nitrate reductase activities extracted from treated and control tissues and assayed by an in vitro method. Toxin-treated susceptible roots (15, 16) . This "host-specific toxin" is required by the fungus for pathogenicity and for initial colonization of susceptible plant tissues (1, 16). Among its described physiological effects on susceptible tissues, HC toxin increases electrolyte leakage, respiration, dark fixation of CO2, and the incorporation of uridine and amino acids. Most of these effects are not evident unless tissues are exposed to toxin for 8 to 12 hr (9, 17); they could be secondary results of an initial toxic effect.
activity. Toxin did not cause leakage of nitrate from roots under these conditions. Thus, toxin-enhanced nitrate accumulation was caused by increased nitrate uptake rather than by de Helminthosporium carbonum Ullstrup race 1, cause of a leafspot disease of certain genotypes of corn (Zea mays L.), produces a metabolite (HC toxin) that selectively affects susceptible corn (15, 16) . This "host-specific toxin" is required by the fungus for pathogenicity and for initial colonization of susceptible plant tissues (1, 16) . Among its described physiological effects on susceptible tissues, HC toxin increases electrolyte leakage, respiration, dark fixation of CO2, and the incorporation of uridine and amino acids. Most of these effects are not evident unless tissues are exposed to toxin for 8 to 12 hr (9, 17) ; they could be secondary results of an initial toxic effect.
The original aim of this work was to determine whether or not toxin has a direct effect on protein synthesis. An inducible enzyme, nitrate reductase, was chosen to study this question. Zielke and Filner (23) nitrite were increased in corn roots following toxin treatment. Experiments were then designed to determine the possible relationship between the two activities.
MATERIALS AND METHODS
Plants. H. carbonum-resistant (Prl X K61) or susceptible (Pr X K61) corn hybrids were used in all experiments. Roots were produced by two methods. (a) Seeds (250) were incubated 8 to 12 hr in water, then were washed and placed embryo side down on a cheesecloth surface in a beaker above 4 liters of 0.2 mm CaCl2. A second layer of cheesecloth was placed over the seeds, the beaker was covered with plastic film, and the solution was aerated. Primary roots were used 4 days later when they were 8 to 12 cm long. (b) Seeds (150) were placed embryo side down on an agar medium (100 ml of 0.9% agar in a 15-cm Petri dish) containing White's solution (20) minus nitrate. After 60 to 84 hr of incubation, the germinated seeds had 4-to 8-cm roots which were used as experimental tissues.
Toxin Preparation. Toxin was isolated from H. carbonum race 1 by previously described procedures (15, 21) . Culture filtrates were concentrated, deproteinized by methanol precipitation, and extracted with chloroform. The chloroform solution was taken to dryness in vacuo, and the residue was dissolved in ethanol, mixed with 20 volumes of diethyl ether, and stored at 5 C for 24 hr. The precipitate was discarded, and the solution was taken to dryness. A second ethanol-ether extract was taken to dryness, dissolved in water, and passed through a BioGel P-2 column. Fractions with host-specific toxicity were dried, and the residues were stored under nitrogen over CaCl2 at -20 C. This preparation caused 50% inhibition of susceptible corn roots at 0.2 ug/ml, and of resistant roots at 20 ug/ml, when assayed by the seedling root growth method (16) . Thus, the toxin preparation was active at 0.295 ,uM (mol wt = 679), which is as active as the best crystalline preparations (14, 15) . Reaction mixtures were assayed before and after each experiment; there were no losses in host-specific toxicity.
Nitrate Reductase Assays. Nitrate reductase activity was determined in vivo by the method of Ferrari and Varner (4) . This method is based on excretion of nitrite from tissue following nitrate reduction under anaerobic conditions; the excretion is more rapid in the presence of ethanol (4) . Roots were placed in a medium containing potassium phosphate buffer, 0.1 M, pH 7.5; KNO3, 0.01 M; and ethanol, 5% (v/v). Five-millimeter root tips were used in some experiments, in which case 5 to 10 tips were placed in 0.5 ml of medium in 4-ml glass vials. In other experiments, 4-to 6-cm root tips were used, and 0.5 g of tissue was placed in 5 ml of medium in 50-ml flasks. Nitrogen was bubbled through the solution for 1 min, the flasks were sealed, and the mixture was incubated for 15 to 30 min at 23 C. assay (1% sulfanilamide in 3 N HCl and 0.02% N-l-naphthylethylenediamine dihydrochloride). Turbid solutions were centrifuged for 5 min at 5000g. Color intensity was measured with a Klett-Summerson colorimeter (No. 54 filter, 540 nm), and nitrite concentrations were determined from a standard nitrite curve.
The nitrate reductase activity in vitro was measured by the method of Filner (6) . Five-millimeter root tips (10 tips per replicate) were rinsed in ice-cold water and homogenized in 1 ml of ice-cold medium (K2HPO4, 25 mM; disodium EDTA, 5 mM; cysteine-HCl, 10 mM; pH 8.8) in a 2-ml glass homogenizer. The homogenate was centrifuged at 2 C for 10 min at 15,000g. Enzyme activity was determined in a reaction mixture which contained 0.5 ml of potassium phosphate buffer (0.1 M, pH 7.5); 0.1 ml of KNO3 (0.1 M); 0.1 ml of NADH (0.001 M); and 0.3 ml of supernatant. Reaction was started by transferring mixtures from ice to a 28 C waterbath and stopped after 0-and 30-min reaction times by adding 1 ml of each of the color reagents for nitrite assay.
Nitrate Uptake. Accumulation of nitrate by roots was measured by a procedure modified from that of Epstein et al. (3) . Seedlings were placed in 15-cm Petri dishes containing 50 ml of 0.5 mm CaCl, with or without toxin, and incubated for 4 hr. Toxin-treated and control seedlings were rinsed separately in 3 liters of 0.5 mm CaClh. Root tips 6 cm long (0.3-0.5 g) were placed in cheesecloth bags and incubated for 30 to 45 min in vigorously aerated solutions containing nitrate. Absorption was terminated by rinsing roots 6 times in 1.5 liters of 0.5 mM CaCL. Roots were cut in 2-cm sections, boiled briefly in 5 ml of water in 50 ml-flasks, and frozen. After thawing, nitrate content of the extracts was determined by quantitative bacterial assay (11) . Reaction mixtures contained 0.02 M sodium succinate (pH 6.8), 0.1 to 0.2 ml of soybean root nodule bacteroids, and root extract in a total volume of 1.0 to 1.7 ml. The reaction was allowed to go to completion (30 to 60 min), and equal volumes of the nitrite color reagents were added. Color intensity was measured, and nitrate content was determined as indicated above. All treatments were duplicated; variation between duplicates was less than 15%.
The ratio of tissue to experimental solution was at least 1:500 (w/v), unless stated otherwise. Change in nitrate concentration because of loss from solution to tissues was insignificant under these conditions. Unbuffered toxin-containing and control solutions were pH 5.8 at the beginning but often dropped to pH 5.0 to 5.5 by the end of the experiment. The pH change was not caused by aeration, presence of cheesecloth, string, solutes under test, or root excision. Similar pH changes were obtained when roots were rinsed in CaSO4 solutions (22) . Uptake rates of toxin-treated and control roots were similar in unbuffered solutions and in solutions buffered at pH 5.8 with 2 mm 2-(N-morpholino)ethanesulfonic acid. 16, 24, 30 , and 32 nmoles nitrate/ axis-hr. Toxin-treated tissues with the same respective imbibition times reduced 17, 9, 13, and 22 nmoles nitrate/axis hr. Thus, exposure to toxin during the first 12 hr of imbibition did not affect ability of tissues to reduce nitrate; longer imbibition in the presence of toxin resulted in inhibition but not elimination of the ability to reduce nitrate.
RESULTS

Effects of
Next, we tested the effects of toxin applied to axes during the induction time. Axes were incubated in nutrient solution without nitrate for 36 hr; nitrate reductase was then induced with nitrate, in the presence or in the absence of toxin. Results showed that the ability of axes to reduce nitrate increased equally in toxin-treated and control tissues for the first 2 hr; activity in control axes then declined, whereas it continued to increase in the toxin-treated axes until termination of the experiment at 8 hr (Fig. 1) . Ambient solutions were then placed on potato dextrose agar and incubated to detect microbial contaminants; none were found. Thus, nitrate-reducing ability was sustained in toxin-treated tissues, whereas it declined in control tissues by 4 hr after initial exposure to nitrate, under aseptic conditions. However, there was little or no effect on total protein content, which was 238 and 265 ug/axis in control and toxin-treated tissues at 8 hr after exposure to toxin in the nitrate-containing medium.
Effects H. CARBONUM TOXIN AND NITRATE UPTAKE comparable to that reported by others (13) . An increase in rate of reduction was apparent soon after exposure to nitrate (Fig.  2 , Table I ). Within 30 min after exposure to a high level of nitrate, the tissues were capable of reducing 850 nmoles nitrate/g fresh wt-hr, or 3 nmoles/root tip (Fig. 2, control) . Noninduced roots reduced approximately 400 nmoles nitrate/g fresh wt hr, which is the background level. The decline in activity at 2 to 3 hr, as shown in Figure 2 , may not be significant.
Toxin was tested for its effects on nitrate reduction by exposing roots during the enzyme induction treatment. Seedlings were grown in Petri dishes in White's solution without nitrate. Nitrate reductase activity was induced by incubating the root and control tissues for the first 2 hr; the rate for toxin-treated roots continued to increase for 8 hr, but decreased in the control roots after 2 hr. Thus, the results with roots were comparable to those with axes. Others (13) have reported induction kinetics for corn root tips comparable to those of our control tissues (Figs. 1 and 2) . Next, toxin was tested for effects on nitrate reduction by exposing roots prior to the induction treatment. Seedlings were grown without nitrate, and roots were exposed to toxin (20 ,ug/ml) for 4 hr. Control roots were not exposed to toxin. Excised root tips were then placed in White's solution containing 10 mM KNO3, to induce nitrate reductase activity. Assays showed that roots exposed to toxin (prior to induction) reduced more nitrate to nitrite than did control roots; the difference was evident at 0-induction time, and persisted for 3 hr, when the experiment was terminated (Fig. 2) . Boiled tissues had no nitrate reductase activity. These experiments with roots and axes show that toxin affects nitrate reduction by tissues 2 to 4 hr after first exposure. Other experiments showed that toxin concentrations >2 iLg/ml did not decrease the time required for response or enhance the effects.
To test for a possible effect of toxin on degradation of nitrate reductase, tissues were incubated in nitrate solution with or without toxin for 2 hr. Tissues were then transferred to fresh solutions without nitrate and monitored for 4 hr for reduction of nitrate to nitrite. Approximately 50% of the nitrate-reducing ability was lost by both toxin-treated and control tissues in 4 hr, as determined by the in vivo assay. The half-life of nitrate reductase from corn is reported to be 2 to 4 hr (13, 18) .
The data shown in Figure 2 could reflect an effect of toxin on the amount of enzyme present, or on amount of available substrate. Toxin-treated roots at 0-induction time produced more nitrite than did control roots, but there was no significant difference in the rates of induction of new nitrite-producing ability. Therefore, root tips were assayed for nitrate reductase by both the in vivo and the in vitro methods. The in vivo assay showed the usual stimulatory effect of toxin on nitrite production, but the in vitro assay showed little or no effect of toxin on extractable nitrate reductase (Table I) .
Effects of Toxin on Nitrate Accumulation. Nitrate uptake by corn roots and its relationship to nitrate reduction under our experimental conditions were determined first. Seedlings grown without nitrate were incubated for 30 min in 0.04 mm nitrate. Analyses of the ambient solutions showed that roots removed 60 nmoles of nitrate/g fresh wt; analyses of the roots showed no nitrate at 0 time, and 66 nmoles/g after 30 min of incubation. Nitrate concentrations up to 0.4 mm and exposure times from 30 to 45 min were used in further experiments, with comparable results. All nitrate removed from solution was accumulated as nitrate in the tissues. Nitrate metabolism apparently had little or no effect on nitrate accumulation during these short uptake times, even though tissues contained nitrate reductase. Thus, under our experimental conditions, nitrate accumulation may be considered as net nitrate uptake. Similar results were reported by Heimer and Filner (7), who showed that nitrate accumulation by tobacco cells in culture was independent of nitrate reductase activity for at least 4 hr after exposure to nitrate. Other workers (19) The effects of toxin on nitrate uptake were determined from analyses of root tissues and from analyses of ambient solutions.
Roots grown without nitrate were first exposed to toxin, then were induced by KNOS solutions. These were the same preparations used for the in vitro assays of nitrate reductase activity (Table I) . Results showed that toxin-treated root tips accumulated nitrate at a faster rate than did control root tips (Table   I ). Determinations of residual nitrate in ambient solutions showed that toxin-treated roots removed nitrate more rapidly (by 50-100%) than did control roots (Table II) . (Table III) . Others (8) have
found that excessive amounts of tungstate, which inhibited growth, also caused some inhibition of nitrate uptake. Reduction of nitrate to nitrite in vivo was greater in toxin-treated than in control roots, confirming earlier experiments (Fig. 2 , Table I ). Tissues used in this experiment gave a relatively slow reduction of nitrate to nitrite, probably because whole roots rather than root tips were used. There was no nitrate reductase activity in tungstate-treated roots, indicating that toxin caused increased nitrate uptake in the absence of nitrate metabolism. Toxin concentrations as low as 0.2,ug/ml stimulated nitrate uptake by susceptible corn roots, whereas concentrations as high as 10,ug/ml had no significant effect on uptake by resistant corn roots (Table IV) . When toxin concentration was increased to 100,ug/ml, there was a stimulatory effect on the uptake of nitrate by resistant roots. This is comparable to the differential sensitivity of susceptible and resistant corn lines that was shown in root growth assays of toxin (10, 15).
There was evidence that nitrate accumulation is an active process. Roots from seedlings grown without nitrate were incubated for 45 min in a nitrate solution (0.04,mole/ml). During this time, toxin-treated roots accumulated nitrate to 0.083 1tmole/g fresh wt, whereas control roots accumulated 0.068 ,tmole/g; thus, uptake by toxin-treated and control roots occurred against a concentration gradient. Uptake rates were found to be linear for at least 4 hr. Nitrate uptake was affected by temperature; control tissues at 3 and 24 C took up 2.1 and 15.8 nmoles per root tip in 2 hr, whereas toxin-treated tissues at these temperatures took up 3.0 and 32.1 nmoles per root tip, respectively. Apparently, both normal and toxin-induced uptakes of nitrate depend on metabolism.
The possibility that toxin affects efflux of nitrate from tis- Seedlings were grown and exposed to toxin as indicated in Table II . Excised roots were incubated for 30 min in solutions containing CaClI (0.5 mM) and KNO3 (0.4mM). Roots were then rinsed and boiled; the extracts were analyzed for nitrate. Other possible complications affecting nitrate accumulation by toxin-treated tissues were considered. The presence or absence of K+, C1-, Na+, Ca2+, and S04 had no effect on toxininduced uptake of NO3-, although uptake was reduced by both toxin-treated and control roots when Ca25 was omitted (21) . Toxin-stimulated nitrate uptake was evident at all pH levels from 4.8 to 7.5.
Possible differences in uptake by excised and intact seedling roots were examined. Seedlings grown in CaCl2 solution (4 liters, 0.5 mM) were exposed to toxin (10 /ig/ml) for (17, 21) . Data presented here also show that toxin-treated tissues reduced more nitrate to nitrite than did control tissues, as determined by in vivo assays. However, the slopes of curves depicting induction of activity were the same for toxin-treated and control tissues (Figs. 1, 2 HC toxin differs from several other host-selective toxins in effects on susceptible tissues. Helminthosporium victoriae and Periconia circinata toxins cause rapid disruption and leakiness of plasma membranes but have no effects on isolated cellular organelles (17) . Helminthosporium maydis race T toxin causes loss of respiratory control in mitochondria from susceptible but not from resistant plants (12) ; other sites of action are suspected but have not been demonstrated. HC toxin has no effect on mitochondria or chloroplasts in cell-free preparations (21) (10) . The difference in sensitivities of resistant and susceptible corn suggests that increased uptake is related to or is part of the mechanism of disease development. The increase in solute uptake is the earliest effect reported to date for HC toxin. It is possible, of course, that increased capacity of toxin-treated cells to accumulate nitrate and other ions (21, 22 ) is incidental to the main toxic lesion.
